1. Introduction {#sec1-molecules-25-03355}
===============

Worldwide, breast cancer (BC) has the highest incidence rate (24.2%) of all cancers in women with more than two million newly diagnosed cases and almost 627,000 deaths (15%) occurred in 2018 \[[@B1-molecules-25-03355]\]. In Saudi Arabia, BC has the largest number of incidences between females (3629 cases: 29.7% of total malignancies) \[[@B2-molecules-25-03355]\]. Nevertheless, frequent tumor recurrence results in poor prognosis of BC patient of which less than 5% survive for more than ten years \[[@B3-molecules-25-03355]\]. Discovering new therapies with improved pharmacokinetics is therefore required for improving the outcome of BC treatment \[[@B4-molecules-25-03355]\].

BC is classified according to the gene expression of estrogen receptor (ER) and human epidermal growth factor receptor 2 (HER2) into five major molecular subtypes, which are different in growth and prognosis. Theses subtypes include luminal A (ER^+^/HER2^−^/low levels of Ki-67 protein), luminal B (ER^+^/HER2^−/+^/high levels of Ki-67 protein), triple-negative/basal-like (ER^−^/HER2^−^), HER2 enriched (HR^−^/HER2^+^), and normal-like BC, which is similar to luminal A, but with poor prognosis \[[@B5-molecules-25-03355]\]. Luminal A and luminal B breast cancer are the most dominant subtype, affecting more than 73% of total BC patients \[[@B6-molecules-25-03355]\].

Tamoxifen (TAM) is the oldest and most-prescribed selective estrogen receptor modulator, that has been approved to treat women and men diagnosed with hormonal receptor (HR^+^), early-stage BC after surgery to reduce the risk of the cancer recurrence as well as treatment of advanced-stage or metastatic HR^+^ BC patients \[[@B7-molecules-25-03355],[@B8-molecules-25-03355],[@B9-molecules-25-03355]\]. The combination of high efficacy in both pre- and postmenopausal women and a good tolerability profile of TAM lead to maintain its position as drug of choice for most patients with HR^+^ breast cancer \[[@B7-molecules-25-03355]\]. In addition, TAM has been used as chemopreventive agent to reduce breast cancer risk in women, who haven't been diagnosed, but are at higher-than-average risk for incidence of BC \[[@B10-molecules-25-03355]\]. These high therapeutic benefits of TAM by binding with the ER causing apoptotic effect on the mammary cells \[[@B7-molecules-25-03355],[@B11-molecules-25-03355]\].

The development of both de novo and acquired resistance to TAM is a significant problem. Recent advances in our understanding of the molecular mechanisms that contribute to resistance have provided means to predict patient responses to TAM and develop rational approaches for combining therapeutic agents with TAM to avoid or desensitize the resistant phenotype \[[@B12-molecules-25-03355]\]. Overcoming the anti ER drug resistance can be achieved by the introduction of new drug classes and combinations that can synergistically improve the efficacy and decrease the effective dose, hence decrease the side effects. Long term estrogen deprivation (LTED) treatment among ER+ BC cells results in adaptive increase in ER expression, which is followed by activation of multiple tyrosine kinases. Combination therapy with the ER down-regulator fulvestrant and the broad kinase inhibitor dasatinib exhibited synergistic activity against LTED cells, by a reduction of cell proliferation, survival, and invasion \[[@B13-molecules-25-03355]\].

In addition, the phosphatidylinositide-3-kinase (PI3K)/Akt signaling pathway is considered as the ideal pathway to explain the transmission of anti-apoptotic signals for cancer cell survival and regulate cell growth, proliferation, transcription, and metabolic processes \[[@B14-molecules-25-03355]\]. The activation of PI3K/Akt signaling pathway is associated with poor prognosis in BC \[[@B14-molecules-25-03355]\]. Inhibitors of PI3K/Akt have undergone pre-clinical evaluation with encouraging results and considered to be one of the most promising targeted therapies for cancer treatment \[[@B15-molecules-25-03355]\]. LY294002 (LY) is a morpholine containing compound with potent inhibitory action for numerous proteins, and a strong inhibition of PI3Ks, which causes induction of apoptosis in tumor cells, but the precise mechanism of its antitumor activity is not completely well understood, as it was also shown to inhibit the invasiveness of cancer cells by downregulating the expression of MMP-2, MMP-9, and VEGF, and reducing MVD \[[@B16-molecules-25-03355]\]. LY, among other PI3K inhibitors, did not reach the clinical trials phase because of its weak drug ability and toxicity \[[@B17-molecules-25-03355]\].

This study was conducted to show the effects of LY or TAM alone or in combination against MCF-7 (ER^+^) cells. The underlying mechanisms of the possible synergistic effects of this combination are further explored in order to develop a novel and effective therapeutic combination against BC and to reduce the toxicity and resistance of LY and TAM.

2. Results {#sec2-molecules-25-03355}
==========

2.1. LY294002 and Tamoxifen Synergistically Inhibited Breast Cancer Cells Proliferation {#sec2dot1-molecules-25-03355}
---------------------------------------------------------------------------------------

The ability of LY to improve the cytotoxicity of tamoxifen on MCF-7 breast cancer was evaluated using an MTT assay. [Figure 1](#molecules-25-03355-f001){ref-type="fig"}A shows dose-response curve of MTT assay. The down deviation of curve was observed in MCF-7 cell treated with LY + TAM combination comparing to each of LY or TAM alone. The combination showed significant synergistic interaction with decrease in IC~50~ in MCF-7 cells (0.17 µM) comparing to LY (0.87 µM) and TAM (1.02 µM) treated cells ([Figure 1](#molecules-25-03355-f001){ref-type="fig"}B). Non-toxic concentration 100 nM (85% live cells) from LY and TAM was selected to use in all experimental sets. The synergistic effect of the combination was elucidated from isobologram and combination index value (0.18) [Figure 1](#molecules-25-03355-f001){ref-type="fig"}C. To confirm the synergistic interaction of LY and TAM, the plate colony formation assay was performed. As shown in [Figure 2](#molecules-25-03355-f002){ref-type="fig"}, the combination of LY and TAM exhibited a significant lower percentage of colony formation (9.1%) compared to the control, where LY treated cells showed (27.3%) and TAM showed (36.4%) compared to the control MCF-7 cells. A non-significant difference between LY and TAM treated cells was observed.

2.2. LY294002 and Tamoxifen Induced Apoptosis in Breast Cancer Cells {#sec2dot2-molecules-25-03355}
--------------------------------------------------------------------

In order to elucidate the underlying mechanism of the synergistic inhibition of BC cell growth by LY and TAM combination, apoptosis analysis was performed through annexin V FITC/PI double staining. The data revealed that each of LY and TAM were able to induce early/late apoptosis 19.8%/11.4% and 32.4/5.9%, respectively ([Figure 3](#molecules-25-03355-f003){ref-type="fig"}). However, the combination of LY with TAM significantly increased the early/late apoptosis to 40.3/28.3% (*p* \< 0.001). To explore the molecular mechanism of increasing in the apoptotic MCF-7 cells, anti-apoptotic and apoptotic genes were measured by immunofluorescence in MCF-7 cells. As shown in [Figure 4](#molecules-25-03355-f004){ref-type="fig"}, the treatment of MCF-7 cells by LY + TAM increased the expression of Caspase-3 and decreased the expression of Bcl-2 compared to the cells treated with either LY or TAM alone. In addition, [Figure 5](#molecules-25-03355-f005){ref-type="fig"}A shows that LY +TAM significantly increased the expression of Caspase-3 3.2 and 9.2-times more compared to TAM and LY alone, respectively. Moreover, caspase-7 was overexpressed in MCF-7 cells 3.4 and 12.6 times higher in treated cells with LY +TAM compared to cells treated with TAM and LY single treatment, respectively. The combination also significantly induced the expression of both p53 and p21: 4 and 2 times more compared to LY, and 6.3 and 3.6 times more compared to TAM, respectively. Additionally, the combination decreased the Bcl-2, BAX, and survivin 2.8 times, 2.5 times, and 3 times more than single treatment with TAM, and 3.1 times, 2.8 times, and 4.46 times more than single treatment LY, respectively. Finally, LY and TAM did not exhibit any change in HER-2 gene, while the combination decreased the expression of HER-2 to 0.45 folds compared to untreated control ([Figure 5](#molecules-25-03355-f005){ref-type="fig"}B)

2.3. LY294002 and Tamoxifen Induced Cell Cycle Arrest in Breast Cancer Cells {#sec2dot3-molecules-25-03355}
----------------------------------------------------------------------------

The effect of LY, TAM, and LY + TAM combination on the DNA content of MCF-7 cells was assessed using PI staining. The treatments lead to a significant increase in the apoptotic pre-G1cell population phase from 1.6% (untreated control) to 8.1%, 9.8%, and 28.3% in the treated cells with LY, TAM, and LY + TAM, respectively as shown in [Figure 6](#molecules-25-03355-f006){ref-type="fig"}. The cell population of G~0~/G~1~ phase decreased from 69.6% to 53.2%, 55.4%, and 50.6% after treatment with LY, TAM, and their combination, respectively. A non-significant decrease in S phase cell population was observed in all experimental set compared to untreated cells (6.8%). The G~2~/M cell population was reduced in cells treated with LY (23.7%), TAM (13.7%, *p* \< 0.05), and combination (12%, *p* \< 0.05) compared to untreated cells (19.1%) ([Figure 6](#molecules-25-03355-f006){ref-type="fig"}).

2.4. pAKT and Cyclin D1 Decreased in MCF-7 Cells Treated with LY294002 and Tamoxifen {#sec2dot4-molecules-25-03355}
------------------------------------------------------------------------------------

To explore the molecular targeting of PI3K signaling, AKT, pAKT, and cyclin D1 were assessed after 24 h of the treatment with combination. A Significant decrease of pAKT and cyclin D1 was seen after treatment with LY, ATM, and LY + TAM combination compared to untreated control ([Figure 7](#molecules-25-03355-f007){ref-type="fig"}).

3. Discussion {#sec3-molecules-25-03355}
=============

The phosphatidylinositide-3-kinase (PI3K)/Akt signaling pathway regulates many biological processes including cancer cell growth and metastasis \[[@B18-molecules-25-03355],[@B19-molecules-25-03355]\]. Consequently, aberrant activation of the PI3K/Akt signaling pathway is frequently associated with progressive BC, which could be resistant to anticancer therapies \[[@B20-molecules-25-03355]\]. It has been estimated that upregulation of PI3K signalling is involved in around 70% of BC cases \[[@B21-molecules-25-03355]\]. Several PI3K/Akt signaling inhibitors have been effective in inhibiting progression of tumors during pre-clinical and clinical trials and approved by United States Food and Drug Administration (FDA) \[[@B22-molecules-25-03355],[@B23-molecules-25-03355]\]. However, most of these inhibitors have demonstrated only modest clinical efficacy as monotherapies in BC because of drawbacks in their pharmacokinetics and tolerability \[[@B23-molecules-25-03355]\]. Therefore, the combination of PI3K/Akt signaling inhibitors with radiation or chemotherapy is considered as a dynamic research area, approached to overcome therapeutic resistance and enhance treatment efficacy \[[@B24-molecules-25-03355]\]. In a previous study, the tumor associated macrophages were shown to accelerate the endocrine resistance of MCF-7 cells treated with TAM, due to activation of the PI3K/Akt/mTOR signaling pathway \[[@B25-molecules-25-03355]\]. Thus, the co-targeting of ER and PI3K/Akt pathway may stand as a new therapeutic target.

This study was conducted to evaluate the possible synergistic cytotoxic combination effect of LY: as a specific phosphatidylinositide-3-kinase (PI3K) inhibitor, and TAM: as an established BC/ER^+^ drug. MCF-7 cells were used as a model of ER^+^ BC. Our results uncovered that the non-toxic dose of LY and TAM synergistically enhanced their cytotoxicity and clonogenecity against MCF-7 with a significant decrease in IC~50~ and combination index ([Figure 1](#molecules-25-03355-f001){ref-type="fig"} and [Figure 2](#molecules-25-03355-f002){ref-type="fig"}). The cytotoxicity of LY and TAM as single treatments and in combination were previously evaluated on A2780 (ovarian cancer) and MRC-5 (normal fibroblast). The IC~50~ of LY were 21.2 µM and 35.7 µM, and for TAM were 10.4 µM and 11.4 µM, and for the combination of LY and TAM were 4.7 and 24.2 µM, respectively \[[@B26-molecules-25-03355],[@B27-molecules-25-03355],[@B28-molecules-25-03355]\]. When that result was compared with the result of this study, LY and TAM were found to be more effective in MCF-7 cells compared to A2780 cells. In other previous studies, the co-treatment of LY and TAM significantly enhanced the cytotoxicity against lung and brain cancer cells compared to treatment with TAM alone \[[@B27-molecules-25-03355],[@B29-molecules-25-03355]\].

In the second part of this study, the underlying mechanism of the synergistic apoptosis-inducing effect resulting from the treatment of MCF-7 cells with LY and TAM combination, could be explained by the increase of released apoptotic molecules or the decrease of released anti-apoptotic ones. Some of these key apoptotic molecules, which are used as indicators of apoptosis in BC are caspase-3, -7, and p53 \[[@B30-molecules-25-03355],[@B31-molecules-25-03355],[@B32-molecules-25-03355],[@B33-molecules-25-03355]\] and p21 as cell cycle promotors \[[@B34-molecules-25-03355]\]. In addition to the Bcl-2 family, which are also considered as important anti-apoptotic genes, their overexpression is frequently related to cancer development \[[@B35-molecules-25-03355]\]. The LY and TAM combination decreased the expression of Bcl-2 and increased the expression of caspase-3 in MCF-7 cells as observed from immunofluorescence experiment ([Figure 4](#molecules-25-03355-f004){ref-type="fig"}). These data were confirmed by determination of mRNA levels of apoptosis genes Bcl-2, BAX, surviving, HER2, p53, p21, caspase-3, and caspse-7 after treatment of MCF-7 cells with LY, TAM, and their combination ([Figure 5](#molecules-25-03355-f005){ref-type="fig"}).

The downregulation of Bcl-2 and survivin was more significant by treatment with the combination more compared to single treatments, which may partly explain the weaker effect of LY or TAM on the induction of apoptosis. While, the non-significant downregulation of BAX might be explained by indirect interaction of LY, TAM or combination with BID/BIM, which required to initiate membrane permeabilization and apoptosis \[[@B36-molecules-25-03355]\]. Survivin is a pro-survival gene and its overexpression is observed in most cancers. It is associated with resistance to chemotherapy and radiation, thus possibly leading to the failure of therapy and poor prognosis \[[@B37-molecules-25-03355],[@B38-molecules-25-03355]\]. Therefore, through the downregulation of anti-apoptotic genes (Bcl-2 and surviving) and overexpression of apoptotic genes (p53 and caspases) the resistance against TAM in breast cancer cells can be reversed.

In this study, the treatment with LY, TAM, and their combination increased the expression of caspase-3 in MCF-7 cells. There are debate in the expression of caspase-3 in MCF-7. Several studies measured levels of caspase-3 indirectly via fluorometric assay systems and by western blotting analyses and reported that directly the presence of this protease in MCF-7 cells \[[@B39-molecules-25-03355],[@B40-molecules-25-03355]\]. However, other reports stated that MCF-7 cells do not express caspase-3 \[[@B41-molecules-25-03355]\]. Our results supposed that the expression of caspase-3 is deficient in untreated MCF-7 cells, but by treatment with LY, TAM, and their combination, the expression of genes was increased as an indication of apoptosis induction by their treatment.

In this study, the induction of apoptosis by LY, TAM, and their combination was confirmed by annexin V/PI double staining using flow cytometry ([Figure 3](#molecules-25-03355-f003){ref-type="fig"}). The pattern of cell death in LY treated cells was suggest necrosis rather than apoptosis [Figure 3](#molecules-25-03355-f003){ref-type="fig"}B. The LY dose (100 nM) that was used in this experiment might be too high to induce necrosis. Previously, it has been reported that LY induced apoptosis and necrosis in mice depending on the treated dose \[[@B42-molecules-25-03355]\].

The combination of LY and TAM increased the percentage of cells in pre-G~1~ cell cycle phase and decreased the percentage of cells in G~0~/G~1~, S and G~2~/M phases compared to untreated cells ([Figure 6](#molecules-25-03355-f006){ref-type="fig"}), thus indicating the down regulation of the cell cycle regulation genes. It has been previously reported that one of major problems in BC is the occurrence of cross-resistance that develops due to the change in the expression of DNA damage repair or cell cycle genes \[[@B43-molecules-25-03355]\]. The phosphorylation of AKT can mediate BC resistance to therapy \[[@B44-molecules-25-03355],[@B45-molecules-25-03355]\]. We have shown in this study a significant decrease in the levels of pAKT and cyclin D1 after treatment with LY and TAM combination better than the decreasing effect of LY or TAM alone ([Figure 7](#molecules-25-03355-f007){ref-type="fig"}). These results indicated that the downregulation of the pAKT signaling pathway could also be responsible for the synergistic cytotoxic effect of LY and TAM combination in MCF-7.

4. Materials and Methods {#sec4-molecules-25-03355}
========================

4.1. Compounds and Reagents {#sec4dot1-molecules-25-03355}
---------------------------

LY294002 and tamoxifen were purchased from Selleckchem, Houston, TX, USA. All reagents and kits used in this study were purchased from Sigma-USA, unless other manufacturer is mentioned.

4.2. Cell Culture {#sec4dot2-molecules-25-03355}
-----------------

MCF-7 cells (breast adenocarcinoma) was obtained from the ATCC. For sub-culture, RPMI-1640 media (10% FBS; 1% Antibiotic-Antimycotic, Gibco) was used. Cells were kept at 95% humidity, 37 °C, and 5% CO~2~ for up to 10 passages. Mycoplasma was tested monthly using the bio-luminescence kit (Lonza, Visp, witzerland) and read by a multi-plate reader.

4.3. Cytotoxicity and Combination Studies {#sec4dot3-molecules-25-03355}
-----------------------------------------

MTT assay was used for evaluation the cytotoxic effects of LY and TAM and their combination according to previous reports \[[@B46-molecules-25-03355],[@B47-molecules-25-03355]\]. MCF-7 cells were cultured in 96-well (1 × 10^3^/well). Cells were treated with several concentrations (0.001--50 µM) of LY and TAM. Cells were incubated for 72 h, followed by addition of MTT for 3 h (Life technologies). The formazan crystals were dissolved in DMSO (100 µL) and the light absorbance was measured used BIORAD PR 4100 microplate reader at λmax 570 nm. IC~50~ were calculated using GraphPad Prism. Nontoxic concentrations (\~80% of viable cells) from LY (100 nM) and TAM (100 nM) were used for all combination experiments of this study.

4.4. Clonogenic Survival Assay {#sec4dot4-molecules-25-03355}
------------------------------

The cytotoxicity of LY, TAM and the synergistic cytotoxic effect of their combination was confirmed by clonogenic survival assay according to previous report \[[@B48-molecules-25-03355]\]. Briefly, low density MCF-7 cells (2 × 10^2^ cells/well) were cultivated in 2 mL media in 6-well plates in duplicates. Plates were incubated at 37 °C overnight to allow attachment. Cells were treated with either LY (100 nM), TAM (100 nM) or their combinations. Plates were incubated at 37 °C for 24 h, then medium containing compounds were aspirated, and replaced with 2 mL fresh media. Plates were checked under the microscope every 2 days, and cells forming a colony were counted. After 14 days, colonies which containing at least 50 cells were counted. Following the aspiration of media, cells were washed with cold PBS, then fixed with cold methanol for 5 min at room temperature. Cells were stained with 0.5% *v*/*v* methylene blue in methanol: H~2~O (1:1) for 15 min. Colonies were washed with PBS and H~2~O. Plates were left to dry, before counting colonies.

4.5. Apoptosis Assay Using Flow Cytometric Analysis {#sec4dot5-molecules-25-03355}
---------------------------------------------------

The ability of LY, TAM and their combinations to induce apoptosis in BC cells was quantified by flow cytometry using annexin V FITC/PI (propidium iodide) double staining assay following previous report \[[@B49-molecules-25-03355],[@B50-molecules-25-03355]\]. MCF-7 cells (5 × 10^5^ cells/well) were cultivated in 6 well plates for 24 h. LY (100 nM), TAM (100 nM), and their combinations were incubated with cells for further 24 h, before harvested cells were labeled by annexin V FITC/PI apoptosis detection kit (Invitrogen) according to the manufacturer's instruction. Apoptotic cells (early and late) were quantified as % by flow cytometer (FC500, Beckman Coulter, Miami, FL, USA).

4.6. Immunofluorescence Staining {#sec4dot6-molecules-25-03355}
--------------------------------

The induction of apoptosis in MCF-7 cells by LY, TAM, and their combinations were confirmed by immunofluorescence staining assay to determine the co-localization of the antiapoptotic marker (Bcl-2) and the apoptotic marker (Caspase-3). MCF-7 cells were treated with LY, TAM, and their combinations for 24 h. MCF-7 cells (5 × 10^3^/chamber) were seeded and incubated for 24 h. Then cells were blocked with normal donkey serum (30 min), followed by incubation with the primary mouse monoclonal and rabbit polyclonal IgG antibodies (1:200, 3 h) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for the detection of Bcl-2 and Caspase-3, respectively. Then, slides were incubated with a mixture of tagged cross-adsorbed donkey anti-mouse (Alexa Fluor 488) and anti-rabbit (Alexa Fluor 555) IgG secondary antibodies (Thermo Fisher Scientific) for 60 min. Slide sections were counterstained with ProLong Diamond Anti-fade Mountant including 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific, Waltham, MA, USA). EVOS FL microscopy (Thermo Fisher Scientific, Waltham, MA, USA) was used for slide examination. Digital images were taken with 40× objective.

4.7. Quantitative Real-Time PCR {#sec4dot7-molecules-25-03355}
-------------------------------

For more elucidation of the apoptotic effects of LY, TAM, and their combinations in BC, the RT-PCR platform (Applied Biosystems 7500 Fast Real Time PCR System, Waltham, MA, USA) was applied. RT-PCR was used to quantify the expression of the apoptosis genes: caspase-3, caspse-7, p53, p21, Bcl-2, BAX, Survivin, and Her2 in MCF-7 cells \[[@B51-molecules-25-03355]\]. Briefly, MCF-7 cells (1 × 10^6^ cells/well) were cultivated in 6 well plates for 24 h, then cells were treated with LY, TAM, and their combinations for 24 h. Total RNA was isolated according to manufactory instruction. The RT-PCR experiment was conducted with a mixture of cDNA, 2X SYBR Green I Master mix, PCR-grade water, forward and reversed human primers of selective genes, and GAPDH as housekeeping gene (Applied-Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) ([Table 1](#molecules-25-03355-t001){ref-type="table"}).

4.8. Cell Cycle Analysis {#sec4dot8-molecules-25-03355}
------------------------

Cell cycle analysis was applied to explore the underlying mechanisms of cytotoxic effects of LY, TAM, and their combinations in BC. MCF-7 cells (5 × 10^5^ cells/well) were treated with LY, TAM, and their combinations for 24 h. Cells were then fixed in 70% ethanol and processed for cell cycle analysis, after staining with propidium iodide (PI, Santa Cruz). FC500, Beckman Coulter, Miami, FL, USA flow cytometer was used for analyzing a total of 20,000 single-cells, with the aid of Expo 32 software, Miami, FL, USA \[[@B52-molecules-25-03355]\].

4.9. Western Immunoblotting {#sec4dot9-molecules-25-03355}
---------------------------

Identification of the expression change of cell cycle proteins (AKT, pAKT, CyclinD1, and GAPDH) was confirmed by immunoblotting assay. MCF7 cells (1 × 10^6^ cells/well of 6 well plate) were treated with LY, TAM, and their combinations for 24 h. Lysis buffer was used to isolate total proteins. The Bradford Method was used to determine the concentration of total proteins, which were electrophoresed using a polyacrylamide gel and transferred to membrane. The membrane was incubated with AKT, pAKT cyclin D1 antibodies (Cell signalling) for 2 h at room temperature and secondary antibody GAPDH for 1 h. Horseradish peroxidase (HRP)-conjugated secondary antibodies were used to visualize the immunoreactivity by chemiluminescence, and images were captured by a scanner (GeneGenome, Syngene Bioimaging, Cambridge, CB4 1TF, United Kingdom) \[[@B51-molecules-25-03355]\].

4.10. Statistics {#sec4dot10-molecules-25-03355}
----------------

Statistical differences were assessed by one-way ANOVA with the Tukey's post-hoc multiple comparison test. *p* \< 0.05 (\*), *p* \< 0.01 (\*\*), *p* \< 0.001 (\*\*\*), and *p* \< 0.0001 (\*\*\*\*) were taken as significant.

5. Conclusions {#sec5-molecules-25-03355}
==============

Our results demonstrated that the synergistic cytotoxic effect of LY and TAM is achieved by the induction of apoptosis and cell cycle distribution through cyclin D1, pAKT, caspases, and Bcl-2 signaling pathways, all which might help in reversing the resistance of MCF-7 cells to TAM and decrease the toxicity of LY. Further in vivo and genetic studies are needed to explore more information about the efficacy and molecular targeting of this combination.

**Sample Availability:** Samples of the compounds are not available.

Conceptualization, M.E.A. and O.F.I.; Experimental part M.A.A., B.R., R.A.A., A.T.B., A.M.I., M.H.M., and S.I.; Statistical analysis and proof reading, W.H.A.; design and writing, M.E.A., M.Z.E.-R., and A.N.A. All authors have read and agreed to the published version of the manuscript.

This research received no external funding.

The authors declare no conflict of interest.

![(**A**): Dose response curve, (**B**): IC~50~ values, (**C**): isobolgram and combination index of MCF-7 cells treated with different concentrations of LY, TAM, and LY + TAM combination for 72 h. The IC~50~ was calculated using GraphPad Prism V6 by fitting of sigmodal four parameter curve. The data expressed as mean ± SD (*n* = 3, of three experiments). Statistical differences, compared with the control cells, were assessed by a one-way ANOVA with the Tukey's post-hoc multiple comparison test (GraphPad Prism). *p* \< 0.001 (\*\*\*) was taken as significant.](molecules-25-03355-g001){#molecules-25-03355-f001}

![Colony formation assay of MCF-7 cells treated with LY, TAM, and LY + TAM combination. MCF-7 cells were treated for 24 h with the experimental set and cells were seeded in 6-well plates (200 cells/well) and incubated for 14 days. The colonies were counted after staining with methylene blue. The colony formation of the treatment set was quantified as a percentage related to untreated control. Statistical differences, compared with the control cells, were assessed by a one-way ANOVA with the Tukey's post-hoc multiple comparison test (GraphPad Prism).). *p* \< 0.05 (\*), *p* \< 0.001 (\*\*\*) was taken as significant.](molecules-25-03355-g002){#molecules-25-03355-f002}

![The induction of apoptosis in MCF-7 cells treated with (**A**): control, (**B**): LY, (**C**): TAM, and (**D**): LY + TAM combination for 24 h. Followed by Annexin V FITC/PI staining. The scattered plot *X* axis: FL1 for Annexin V, *Y* axis: FL3 for PI. (**E**): Columns represent the flow cytometry data analysis as means of the percentages of vital, early apoptotic, late apoptotic, and narcotic cells (*n* = 3 of three independent experiments).](molecules-25-03355-g003){#molecules-25-03355-f003}

![The induction of apoptosis in MCF-7 cells treated with LY, TAM, and LY + TAM combination 24 h. Images taken with confocal microscope (EVOS FL, scale bar 20 nM) to evaluate the expression of apoptotic (Caspase-3) and antiapoptotic (Bcl-2) markers. The images show green and red color staining for Caspase-3 and Bcl-2, respectively. Overlay images represent the fluorescence intensity of both apoptotic markers.](molecules-25-03355-g004){#molecules-25-03355-f004}

![The expression of apoptosis genes in MCF-7 cell after treatment with LY, TAM, and LY+ TAM combination for 24 h. The total RNA was extracted and the mRNA levels of upregulated genes (**A**) and downregulated genes (**B**) was quantified using RT-PCR. The data represented the mean of the fold change related to untreated control (fold change = 1 dashed line).](molecules-25-03355-g005){#molecules-25-03355-f005}

![Histograms represent DNA cell cycle distribution in MCF-7 cells treated with (**A**): control, (**B**): LY, (**C**): TAM, and (**D**): LY + TAM combination for 24 h. (**E**): columns represent the flow cytometry data analysis as means of the percentages of pre-G~1~, G~0~/G~1~, S, and G~2~/M (*n* = 3, three independent experiments).](molecules-25-03355-g006){#molecules-25-03355-f006}

![MCF-7 cells were incubated with control, LY, TAM, and LY + TAM for 24 h. Proteins from total cell lysate were separated by SDS-PAGE gel electrophoresis, and immunoblotted with antibodies against AKT, phosphorylated AKT, and cyclin D1. The color density was quantified using densitometry). Statistical differences, compared with the control cells, were assessed by a one-way ANOVA with the Tukey's post-hoc multiple comparison test (GraphPad Prism). *p* \< 0.05 (\*), *p* \< 0.01 (\*\*) and *p* \< 0.001 (\*\*\*) were taken as significant.](molecules-25-03355-g007){#molecules-25-03355-f007}

molecules-25-03355-t001_Table 1

###### 

Sequence of primers used in RT-PCR.

  ---------------------------------------------------
  Gene            Sequence
  --------------- -----------------------------------
  **Caspase-3**   F: ACATGGAAGCGAATCAATGGACTC\
                  R: AAGGACTCAAATTCTGTTGCCACC

  **Caspase-7**   F: GGACCGAGTGCCCACTTATC\
                  R: TCGCTTTGTCGAAGTTCTTGTT

  **p53**         F: CCA CCA TAA AGC TGG GGC TT\
                  R: TCT CCC CGC CTC TTT GAC TC

  **p21**         F: GAG TCC TGT TTG CTT CTG GGC A\
                  R: CTG CAT TGG GGC TGC CTA TGT A

  **BCL-2**       F: CTCTCGTCGCTACCGTCGCG\
                  R: AGGCATCCCAGCCTCCGTTATCC

  **BAX**         F: GCCCTTTTGCTTCAGGGTTT\
                  R: TCCAATGTCCAGCCCATGAT

  **Survivin**    F: TTGCTCCTGCACCCCAGAGC\
                  R: AGGCTCAGCGTAAGGCAGCC

  **HER2**        F: CCT CTG ACG TCC ATC GTC TC\
                  R: CGG ATC TTC TGC TGC CGT CG

  **GAPDH**       F: AGGTCGGTGTGAACGGATTTG\
                  R: TGTAGACCATGTAGTTGAGGTCA
  ---------------------------------------------------

The RT- PCR program was run in 41 cycles of denaturation at 95 °C for 15 s followed by annealing/extension at 60 °C for 60 s (*n* = 3). Standard comparative method was used to evaluate the genes expression, where the raw Ct values were converted into relative expression levels (fold change: 2^−∆∆*C*t^).
